

























































Deal;Designing Structurally Ordered Pt/Sn Nanoparticles in Ionic
Liquids and their Enhanced Catalytic Performance
Christine Dietrich,[a, b] Martin Hähsler,[a, b] Wu Wang,[c, f] Christian Kübel,[c, d, e] and
Silke Behrens*[a, b]
Abstract: Multimetallic nanoparticles (NPs) often exhibit
enhanced catalytic properties that differ from their parent
materials. Carefully exploring the structures of multimetallic
NPs is a prerequisite for understanding the structure- and
composition-associated properties. Herein, intermetallic Pt/Sn
NPs with tunable compositions are designed exploiting the
beneficial properties of ionic liquids (ILs) in a one-pot
synthetic procedure. Metal salt precursors are reduced with
triethylhydridoborate, whereby the cation of the triethylhy-
dridoborate is adapted to the cation of the IL. Both the initial
metal precursor ratio and the type of IL influence the
structure of the NPs, with the effect of the IL being more
pronounced. PtSn nanocrystals are obtained as phase pure
products under optimized reaction conditions, whereby a
microwave-assisted approach leads to higher crystallinity. In
the hydrogenation of α,β-unsaturated aldehydes, the cata-
lytic performance obviously depend on the NP composition.
In bimetallic Pt/Sn NPs, higher Pt content leads to increased
conversion, while increase in Sn increases selectivity to the
cinnamic alcohol.
Introduction
Transition metal nanoparticles (NPs) are among the most
relevant catalysts in the field of catalysis.[1] Due to the large
industrial production scales, even small improvements in
catalytic performance or a reduction in (precious) metal content
can have significant economic and environmental impacts. In
this context, multimetallic NPs have attracted considerable
interest due to multiple functionalities and prominent catalytic
activity and selectivity as well as thermal and chemical stability
over their monometallic counterparts.[2] Enhanced catalytic
properties were attributed to synergistic effects, such as
ensemble effects where different surface atoms take distinct
mechanistic functionalities, geometric effects where the spatial
arrangement of surface atoms is influenced by structure, strain
and size and/or electronic effects where the d-band center
position is shifted to lower or higher energies. Due to enhanced
catalytic activity and selectivity, bimetallic Pt/Sn NPs, for
example, are used as heterogeneous catalysts in various types
of reactions, including oxidation,[3] reduction,[4] and hydro-
genation reactions.[5] Selective hydrogenation of α,β-unsatu-
rated aldehydes to unsaturated alcohols is an essential step in
the production of fine chemicals[6] and the conversion of
biomass-derived compounds.[7] Although thermodynamics fa-
vors formation of saturated aldehydes over that of unsaturated
alcohols, the latter can be selectively produced on bimetallic Pt-
based catalysts by tailoring size, composition, facets and
support material. Electron transfer was achieved by incorpora-
tion of electropositive metals (e.g. Sn, Ge, or Fe),[8] whereby the
electron-deficient metal atoms acted as Lewis acid adsorption
sites for C=O. This shows that the selectivity of Pt-based
bimetallic NPs is determined by a complex set of factors that
needs to be considered and addressed in their synthesis.
A variety of methods has been used to prepare Pt/Sn-based
NPs and supported catalysts using conventional solvents and
stabilizers.[9] Recently, a one-pot synthesis of Pt/Sn NPs via
chemical reduction of the metal salts with borohydrides was
described.[2c,10] Catalytic performance and NP stability not only
depend on the overall NP composition and architecture (e.g.
core-shell, Janus-type, or alloyed NPs) but also on the atomic
ordering (e.g. substitutional solid-solution alloys vs. ordered
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intermetallic compounds) which may lead to enhanced thermal
and chemical stability and catalytic behavior.[2a,b,11] For example,
formation enthalpies ΔHf of PtSn and Pt3Sn are   74.0 and
  55.3 kgmol  1, respectively, suggesting high stability of these
intermetallic compounds.[2a] The disorder-to-order transition
where the randomly mixed alloy equlibrates into an ordered
intermetallic phase, however, typically requires high temper-
atures and thus, the synthesis of ordered intermetallic NPs is
challenging.[2b] Synthesis of intermetallic Pt3Sn, PtSn and PtSn2
NPs was achieved by co-reduction of the precursors and
subesquent annealing in a KCl or LiCl matrix or by polyol
reduction in octadecene.[9] Alternatively, Pt3Sn- and PtSn-based
NPs were obtained via a ship-in-the-bottle synthesis from Pt NPs
stabilized in a mesoporous SiO2 shell at high temperatures.
[5c,12]
Room-temperature ILs reveal unique physico-chemical proper-
ties (i. e., excellent solvent properties, low vapor pressure, high
polarity, and wide electrochemical stability window) which have
been exploited for the synthesis of various types of NPs.[13] NP
nucleation and growth processes in ILs are controlled by weakly
coordinating anions and cations, which also act as (electro)steric
stabilizers against NP agglomeration.[13–14] The IL not only
influences the synthesis and catalytic properties of the metal
NPs[15] but can itself act as a selectivity promoter during
catalysis.[16] While the synthesis of bimetallic NPs has been
described in ILs, relatively little is known about the ordering
behavior and formation of intermetallic NPs in ILs as well as
their catalytic performance.[17]
Here, we explore various types of ILs for the synthesis of
intermetallic Pt/Sn-based NPs and study their ordering behav-
ior. The catalytic performance of the intermetallic NP catalysts is
investigated in the selective hydrogenation of cinnamaldehyde.
Results and Discussion
Nanoparticle synthesis in ILs
In ILs, weakly coordinating IL anions and cations control both
particle nucleation and growth processes.[2c,14a,18] Semi-organized
clusters of IL anions and cations provide protective layers which
stabilize the as-formed NPs. Intermetallic Pt/Sn-based NPs were
prepared in ILs by one-step co-reduction of the two metal
precursors (i. e., PtCl2 and Sn(ac)2 or SnCl2). Appropriate choice
of the anion, the cation and its alkyl side chain can regulate size
and distribution of Sn in the particles.[18–19] In this study, ILs
combining different IL cations and anions were used as a
reaction medium, i. e. methyltrioctylammonium bis
(trifluoromethylsulfonyl)imide [OMA][NTf2], 1-butyl-3-methyl-
imidazolium bis(trifluoromethyl-sulfonyl)imide [BMIm][NTf2], 1-
butyl-3-methylimidazolium tetrafluoroborate [BMIm][BF4], and
1-butyl-3-methylimidazolium hexafluorophosphate [BMIm][PF6].
Methyltrioctylammonium triethylhydridoborate [OMA][BEt3H]
was employed as a reducing agent for NP synthesis in [OMA]
[NTf2], while [BMIm][BEt3H] was used as a reducing agent for
synthesis in [BMIm][NTf2], [BMIm][BF4], and [BMIm][PF6]. Potas-
sium or lithium triethylhydridoborate (i. e., superhydride) have
been previously applied as strong reducing agents for NP
synthesis. In this case, alkali halogenides (e.g., KCl, KBr, or LiCl)
are formed as by-products which are typically precipitated and
separated from the NP sol, e. g. by subsequent cooling. In
general, these alkali halide salts are highly soluble in ILs, and it
is very difficult to remove these by-products from the NP sol
after synthesis. Bönnemann et al. have initially reported on the
combination of tetraalkylammonium stabilizers (e.g. N(octyl)4
+)
with [BEt3H]
  which they used for the synthesis of various
transition metal colloids.[20] Here, we coupled the respective IL
cations (i. e., [OMA]+ or [BMIm]+) by salt metathesis with the
reducing agent to form [OMA][BEt3H] or [BMIm][BEt3H], accord-
ingly, thereby avoiding contamination of the IL-stabilized nano-
particles with alkali metal ions. No additional ligands or
surfactants were employed for NP synthesis in the IL. In a
typical synthesis, the reducing agent (i.e, [OMA][BEt3H] or
[BMIm][BEt3H]) was rapidly injected into the solution of the
metal salts in the IL at 60 °C. Then the reaction mixture was
heated at 200 °C for several hours. NP formation was indicated
by H2 evolution and a color change from light brown to brown-
black. NP sols of high colloidal stability were obtained in the ILs.
NP sols in [OMA][NTf2], for example, were stable for several
months. In this study, the influence of the metal salt precursors
(i. e., PtCl2 and Sn(ac)2 or SnCl2), their molar ratio and the IL
anion and cation on the composition and structure of the
bimetallic Pt/Sn-based NPs was investigated.
The PtSn bulk phase diagram contains five compounds
(Pt3Sn, PtSn, Pt2Sn3, PtSn2, PtSn4) with narrow phase widths.
[9c] In
particular, the Pt-rich phases Pt3Sn and PtSn seem to be
attractive catalysts for many types of reaction.[5c,21] With respect
to this, an initial molar Pt : Sn precursor ratio of 3 : 1 was set as a
starting point for NP synthesis. Recently, Pt/Sn-based nano-
particles of 2–3 nm diameter with random-type alloyed struc-
ture were prepared in [OMA][NTf2] at low reaction
temperature.[2c] In order to prepare NPs with intermetallic
composition and structure, the reduction temperature was
initially kept at 60 °C, but followed by a successive annealing
step at 200 °C.
The reduction of PtCl2 and Sn(ac)2 (molar Pt : Sn precursor
ratio of 3 :1) in [OMA][NTf2] yielded NPs 1 (Figure 1). XRD
analysis of NPs 1 (Figure 1a) revealed the characteristic
reflections at 39°, 45°, 66°, 79°, 114° and 119° (2θ), correspond-
ing to the (111), (200), (220), (311), (331) and (420) planes of the
face-centered cubic (fcc) Pt3Sn phase (see Figure S3 for the
indexed XRD pattern). Since the scattering power of Sn and Pt
is similar and the Sn content is low, superlattice peaks for Pt3Sn
are typically weak and were not detected. Shoulders occurring
at slightly higher Bragg angles of the Pt3Sn reflections indicated
the presence of Pt (i. e., 40°, 45°, 68°, and 82° (2θ)) and SnO2
(i. e., reflections at 26°, 33° and 52° (2θ)) which was formed by
decomposition of Sn(ac)2.
[2c] Phase composition as determined
by Rietveld analysis revealed mainly Pt (48%) in addition to
Pt3Sn (16%) and SnO2 (35%). High resolution transmission
electron microscopy (HRTEM) images are in agreement with the
formation of Pt3Sn and/or Pt NPs as well as of some SnO2
particles with an average particle diameter of 8.5 nm (Fig-
ure 1b).
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To prevent SnO2 formation, SnCl2 was used instead of Sn
(ac)2 in the following experiments under otherwise same
reaction conditions. Additionally, in order to tune the phase
composition of the NPs, the molar PtCl2/SnCl2 ratio was
increased from 3 :1 over 3 :2 to 3 :3, resulting in NPs 2, 3, and 4
(Scheme 1, Table 1). The size, elemental composition and the
structure of the NPs were analyzed by transmission electron
microscopy (TEM, HRTEM, scanning transmission electron micro-
scopy with high angle annular detector (STEM-HAADF)) with
energy-dispersive X-ray spectroscopy (EDS) and XRD analysis
(Table 1). The crystallite size of NPs was calculated using the
Scherrer equation. It should be noted that Rietveld analysis is
typically employed for highly crystalline samples (crystallite
sizes 100 nm) and for small NPs with sizes below 10 nm the
error of the fit increases.
In the case of NPs 2, where the Pt : Sn ratio was 3 :1 but
SnCl2 was employed instead of Sn(ac)2, the diffraction pattern
(Figure 2a) revealed mainly intermetallic Pt3Sn NPs (50%).
Characteristic reflections of the hexagonal PtSn phase at 25°,
30°, 41°, 44°, 51°, 54°, 56°, 62°, 72° 75°, 79°, 81° and 85° (2θ)
and superlattice peaks in the 50–60° and 65–75° (2θ) region
also indicated the formation of ordered, intermetallic PtSn NPs
(30%) (see Figure S4 for the indexed XRD pattern). In addition,
some Pt NPs (20%) were observed (shoulders at 68° and 82°
(2θ)). HRTEM images showed individual NPs consisting either of
intermetallic PtSn (Figure 2c) or Pt3Sn (Figure 2d). Pt3Sn and Pt
NPs could not be distinguished on the basis of HRTEM, but the
STEM-EDX map indicates bimetallic particles, as the Pt and Sn
distribution seem to mostly match each other (Figure 2a).
When the amount of SnCl2 precusor was increased (molar
Pt/Sn ratio 3 :2), no monometallic Pt phase was observed and
NPs 3 were formed. Here, the formation of the hexagonal PtSn
phase (68%) was preferred instead of Pt3Sn (see Figure S5 for
the indexed XRD pattern). TEM images revealed NPs of irregular
shape with an average size of 5.6 nm (Figure 2b) which was in
good agreement with the PtSn crystallite size of 5.2 nm based
Figure 1. NPs 1 synthesized in [OMA][NTf2] using a molar PtCl2:Sn(ac)2 ratio
of 3 :1: a) X-ray diffraction pattern indicating the formation of Pt (black),
SnO2 (green) and the intermetallic Pt3Sn phase (red). b) HRTEM image with
indexed fast Fourrier transform patterns of the marked NPs.
Scheme 1. Illustration of reaction conditions employed in the synthesis of
NPs 2, 3 and 4 in [OMA][NTf2]: To prevent SnO2 formation, SnCl2 was used
instead of Sn(ac)2. In order to tune the phase composition of the NPs, the
influence of the molar PtCl2/SnCl2 ratio was investigated and increased from
3 :1 over 3 :2 to 3 :3.
Figure 2. XRD analysis of a) NPs 2 with HAADF-STEM image and correspond-
ing elemental maps obtained (in the area marked with box) indicating the
formation of intermetallic Pt3Sn-phase (red), PtSn-phase (blue) and Pt
(black). b) XRD analysis of NPs 3 with TEM image and size histogram
indicating the formation of intermetallic Pt3Sn-phase (red), PtSn-phase
(blue). HRTEM images of c) PtSn and d) Pt3Sn in NPs 2 with indexed fast
Fourrier transforms of the marked NPs.
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on Scherrer equation. Further increase in the amount of SnCl2
precursor, however, did not result in the formation of a phase
pure NP product. Surprisingly, when the amount of SnCl2
precursor was further increased in NPs 4 (molar Pt/Sn ratio 1 :1),
XRD analysis revealed monometallic Pt (68%) as main product
and less PtSn (32%) (see Figure S2 for the indexed XRD pattern).
This clearly showed that the control of the phase composition
based on the molar precursor ratio alone (see supporting
information) was limited.
We have previously demonstrated the strong influence of
the chemical nature of the IL on the formation and stability of
Co NPs. In this case, the NPs were synthesized by thermal
decomposition of Co2(CO)8 in a series of ILs. Due to the large
(electro)steric repulsion radius of the [OMA]+ cation, Co NP sols
were most stable in [OMA][NTf2].
[2c,19] Although the Pt/Sn NP-
based sols in [OMA][NTf2] also showed high colloidal stability,
no phase pure NP product could be received by reducing PtCl2
and SnCl2 in [OMA][NTf2], regardless of the precursor ratio.
Therefore, we chose three commonly used imidazolium-based
ILs (i. e., [BMIm][PF6], [BMIm][BF4] and [BMIm][NTf2]) to inves-
tigate the influence of IL cation and anion on the formation of
Pt/Sn NPs (Scheme 2).
The molar Pt : Sn precursor ratio was maintained at 3 :1. Size
and composition of the resulting NPs are given in Table 2. In
[BMIm][PF6] amorphous NPs 6 were obtained, while the same
synthetic procedure in [BMIm][NTf2] resulted in the formation of
intermetallic PtSn NPs (69%) in addition to some monometallic
Pt NPs (31%) in NPs 7.
However, well-ordered and phase-pure, intermetallic PtSn
NPs 8 were obtained as a single-phase product in [BMIm][BF4].
The diffraction pattern of NPs 8a (Figure 3a) showed the
characteristic reflections of the ordered hexagonal PtSn phase
(JCPD 03–065-0959) at 25°, 30°, 33°, 41°, 44°, 51°, 54°, 56°, 57°,
62°, 68°, 70°, 72°, 74°, 79°, 81°, 85°, 97°, 102°, 105°, 107°, 112°
and 119° (2θ) (see Figure S6 for the indexed XRD pattern). No
peaks remained unaccounted, excluding the formation of any
other Pt-, Sn- or Pt/Sn-based phase. The presence of super
lattice peaks (denoted with brackets in Figure 3a in the 50–60°
and 65–75° (2θ) region) further confirm that the NPs adopted
the ordered hexagonal PtSn structure. According to Scherrer
equation, the size of the PtSn NPs 8a was 12.2 nm which was
larger than the mean diameter of 2.9 (�0.7) nm of the particles
based on TEM analysis (Figure 3b). It might be possible that the
discrepancy of NP sizes based on XRD and TEM analysis here is
an artefact of TEM grid preparation. One has to keep in mind
that for determination of NP sizes different aspects regarding
Table 1. Size and composition of NPs obtained by reduction of PtCl2/SnCl2 in [OMA][NTf2] (reduction at 60 °C; annealing at 200 °C for 3 h).
NPs Molar Pt : Sn ratio Particle size d in [nm] Composition[b] [%]
TEM XRD (hkl)[a]














[a] Particle size calculated according to Scherrer equation for reflections given in brackets; [b] Phase composition according to Rietveld analysis (references:
SnO2 (ICCD 98–001-6635), Sn (ICCD 98–005-3790), Pt (ICCD 98–007-6153), PtSn (ICCD 98–065-8326); Pt3Sn (ICDD 98–018-3076)).
Scheme 2. Illustration of reaction conditions employed in the synthesis of
NPs 6, 7 and 8a in different ILs: Imidazolium-based ILs (i. e., [BMIm][PF6] (NPs
6), [BMIm][NTf2] (NPs 7), [BMIm][BF4] (NPs 8a,b)) were chosen to investigate
the influence of IL cation and anion on the formation of Pt/Sn NPs. For NPs
8b, microwave irradiation was employed to heat the reaction mixture.
Table 2. Size and composition of Pt/Sn-based NPs obtained by reduction of PtCl2 and SnCl2 in different ILs (molar Pt : Sn precursor ratio 3 :1; reduction at
60 °C; annealing at 200 °C for 3 h).
NPs IL Particle size d [nm] Composition[%][b]
TEM XRD (hkl)[a]
6 [BMIm][PF6] n.a. – amorphous
7 [BMIm][NTf2] n.a. PtSn: 10.6 (102) PtSn (69)
Pt (31)
8a [BMIm][BF4] 2.9[d] PtSn: 12.2 (202)[d] PtSn
8b[c] [BMIm][BF4] 2.4
[d] PtSn: 10.9 (102) [d] PtSn
[a] Particle size calculated according to Scherrer equation for reflections given in brackets; [b] Phase composition according to Rietveld analysis (references
used for Rietveld analysis: SnO2 (ICCD 98-001-6635), Sn (ICCD 98-005-3790), Pt (ICCD 98–007-6153), PtSn (ICCD 98-065-8326); Pt3Sn (ICDD 98-018-3076); [c]
Microwave irradiation (settings: 1) 60 °C, 10 W for 30 min; 2) 10 W, 200 °C for 1 h). [d] It should be noted that the annealing time for NPs 8a (conventional
heating) was also slightly longer (2 h, 200 °C) than in case of microwave heating (NPs 8b). Both increased annealing time and microwave heating during NP
nucleation may have affected the size of the NPs.
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sampling and statistics may arise.[22] TEM analysis of NPs
stabilized in ILs is by no means trivial; the IL is typically removed
as much as possible (e.g. by suspending and /or washing steps
using volatile, conventional organic solvents) in order to
improve image quality and avoid image contamination in the
electron beam.[2c,23] In our case, NPs were suspended in THF for
preparation of TEM grids which is immiscible with [BMIm][BF4].
It could be that a small fraction of larger NPs was not
adequately stabilized during sampling for TEM grid preparation.
On the other side, crystal sizes determined by the Scherrer
formula are volume-weighted averages and thus, more repre-
sentative for a larger volume of the sample. However, the
Scherrer formula does not consider particle size distributions; if
both large and small NPs are present in the sample, the
diffraction profile represents a convolution of narrow and broad
reflections, whereby the narrow peaks of larger NPs dominate
the profile.[24] Apparently, heating the reaction mixture by
microwave irradiation stimulated the nucleation of a highly
ordered and crystalline PtSn phase in NPs 8b. While superlattice
peaks were quite weak for NPs 8a, they were clearly
pronounced for NPs 8b. In general, microwave irradiation is
rapid way to homogeneously heat reaction mixtures leading to
highly reproducible results (Figure 3a).[25] This will be subject of
future investigations. The size of PtSn NPs 8b was 10.9 nm
according to Scherrer equation, while TEM images revealed
almost spherical PtSn NPs of 2.4 (�0.5) nm (Figure 3c) However,
in our experiments, only [BF4]
– or [PF6]
–based ILs (i. e., [BMIm]
[BF4] or [BMIm][PF6]) were suitable for microwave-assisted NP
synthesis while [NTf2]
–based ILs (i. e., [OMA][NTf2] and [BMIm]
[NTf2]) were decomposed under microwave irradiation as
visually indicated by the formation of a white smoke.
Figure 4 provides an overview of the impact of the molar
PtCl2/SnCl2 ratio and the nature of IL on the phase composition
by comparing the diffraction pattern of the NPs synthesized
under otherwise same reaction conditions. Monometallic Pt NPs
9 were synthesized as a reference using a similar synthetic
protocol. The diffraction pattern of the Pt NPs revealed four
reflections at 40°, 45°, 68°, and 82° (2θ) which were in good
agreement with the fcc Pt phase. The appearance of reflections
at 41 and 44° (2θ) and of superlattice peaks in the region 50–
60° (2θ) indicated the formation of PtSn.
UV-vis spectroscopy studies
Binary Pt  Sn complexes and zintl clusters have been previously
reported to induce compositionally homogeneous nuclei after
co-reduction, which resulted in the formation of intermetallic
NPs with a well-ordered structure.[9c,26] It is well-known that Pt(II)
chlorides and Sn(II) chlorides form a variety of different
complexes and clusters in solution.[25–27] Therefore, complex
formation of the PtCl2 and SnCl2 precursors in the ILs was
investigated for [OMA][NTf2] and [BMIm][BF4] by UV-vis spectro-
scopy. UV-vis spectra of the individual PtCl2 and SnCl2
precursors were compared to the pre-reduction solutions
containing both precursors in different molar ratios in [OMA]
[NTf2] and [BMIm][BF4] (see SI, Figure S1) (Table S1).
The UV-vis spectra of the PtCl2/SnCl2 mixtures in [OMA]
[NTf2], showed absorption peaks at 359 nm and 353 nm for a
molar Pt : Sn precursor ratio of 3 : 1 and 3 :2, respectively
(Figure 5). Compared to the spectra of the individual precursor
solutions (PtCl2: 435 nm; SnCl2: 280 nm, 316 nm), the spectra of
the mixtures showed new absorption peaks with their maxima
depending on the molar Pt : Sn precursor ratio and thus
indicating the formation of binary Pt  Sn complexes in the IL
prior to reduction. For the solutions of both precursors in
Figure 3. Comparison of XRD patterns: Phase pure PtSn NPs (blue) 8a and
8b obtained via conventional and microwave heating, respectively. The
super lattice peaks are marked with (⋆). TEM images with corresponding
size distributions of b) PtSn NPs 8a and c) 8b.
Figure 4. Influence of the molar Pt : Sn ratio and the nature of IL on the NP
phase composition: Pt reference NPs 9 (dotted lines: Pt reference); NPs 2 (Pt/
Sn precursor ratio 3 :1; composition: Pt3Sn (50%), PtSn (30%), Pt (20%)); NPs
3 (Pt/Sn precursor ratio 3 :2; composition: Pt3Sn (32%), PtSn (68%)); NPs 8b
(Pt/Sn precursor ratio 3 :1; composition: PtSn (100%)). [OMA][NTf2] was used
in synthesis of NPs 2, 3 and 9, while [BMIm][BF4] and microwave irradiation
were employed for synthesis of NPs 8b. b) Illustration of the cubic Pt3Sn and
the hexagonal PtSn phase.
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[BMIm][BF4] (molar Pt : Sn ratio 3 :1), the peak maximum was
clearly shifted to 397 nm, indicating the formation of a different
type of binary Pt  Sn complex as compared to the respective
solutions in [OMA][NTf2]. Due to the strong impact of the nature
of pre-reduction complex on the phase composition of the
resulting nanoparticles, PtSn NPs 8a and 8b were obtained as a
single-phase product in [BMIm][BF4] from PtCl2:SnCl2 (3 : 1), while
the same reaction in [OMA][NTf2] resulted in a mixture of Pt,
Pt3Sn, and PtSn.
Catalytic performance
Bimetallic NPs reveal enhanced activities and selectivities which
differ from their monometallic counterparts as well as unique
properties that exist only in nm-size particles. Small NPs are
typically the most active, but due to their high surface energy
they tend to aggregate, leading to a reduced catalytic perform-
ance. Therefore, for catalytic applications NPs are usually
stabilized on a support which facilitates catalyst recycling. The
catalytic activity and selectivity of metal NPs dispersed in a
liquid medium are often different from those of classical
heterogeneous or homogeneous catalysts and therefore, NP
sols are often referred to as quasi-homogeneous catalysts.
Strongly coordinating ligands are usually required not only to
synthesize but also to stabilize the NPs in solution. These
ligands strongly influence catalytic properties and may poison
the NP surface but also boost their catalytic performance. ILs
stabilize NPs by interaction with weakly coordinating IL anions
and cations and NP sols of very high colloidal stability are
formed.
The selective hydrogenation of cinnamaldehyde (CAL) is a
suitable model reaction to probe the influence of the catalyst
composition and structure on the selectivity. Three main
reaction products (i. e., hydrocinnamic aldehyde (HCAL), cin-
namic alcohol (CAOL), and hydrocinnamic alcohol (HCAOL) can
be formed via the competitive hydrogenation of the C=C bond
and/or the carbonyl group (see Scheme 3). The hydrogenation
of the C=C bond is thermodynamically favored, and thus, the
saturated carbonyls are typically obtained. On monometallic Pt,
the reactants preferentially adsorb by π-complexing of the C=C
bond, which is successively hydrogenated to yield HCAL. To
increase the selectivity to CAOL, the binding energy of the C=C
bond should either be lowered (e.g., by radial expansion of the
d-bands) or the hydrogenation of the C=O bond should be
favored. This can be realized by alloying Pt with electropositive
metals such as Sn, Ge or Fe. The performance of our IL-
stabilized NPs catalysts in the selective hydrogenation of CAL
was investigated in a Teflon-lined autoclave in 10 bar H2 at
80 °C (Pt/Sn NPs@IL (1–3 mL), CAL (17 mmol) in THF (30 mL)).
During the reaction, hydrogen was continuously supplied via a
gas burette; the reaction products were determined by gas
chromatography (Table 3). Hydrogenation of CAL in the pres-
ence of monometallic Pt NPs yielded the saturated aldehyde
(HCAL) as the only reaction product.[2c]
Surprisingly, the phase-pure, intermetallic PtSn NPs stabi-
lized in [BMIm][BF4] (NPs 8a and 8b) were catalytically not
active. Similar effects have been reported for other metal
nanocatalysts stabilized in [BMIm][BF4] suggesting that the NP
Figure 5. UV-vis spectra of PtCl2/SnCl2 mixtures in [OMA][NTf2] and [BMIm]
[BF4].
Scheme 3. Reaction pathways and reaction intermediates and products in
the hydrogenation of cinnamic aldehyde.
Table 3. Monometallic Pt and Pt/Sn-based NPs stabilized in [OMA][NTf2] in the catalytic hydrogenation of CAL (reaction conditions: 10 bar H2, 80 °C).


















9 Pt 50 5 0 0 100 0
1 Pt, Pt3Sn, SnO2 30 60 52 12 36 31
3 PtSn, Pt3Sn 60 37 88 0 12 32
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surface was blocked by fluoride species derived from the [BF4]
 
anion.[28]
The hydrogenation of CAL in the presence of the mono-
metallic Pt reference (NPs 9) yielded the saturated aldehyde
(HCAL) as the only reaction product (Table 3). A significantly
higher conversion and selectivity to the α,β-unsaturated
cinnamic alcohol (CAOL) was observed for intermetallic NPs 1
(Pt/Pt3Sn/SnO2) and NPs 3 in [OMA][NTf2] (PtSn/Pt3Sn). The time
courses of the chemoselective hydrogenation of cinnam-
aldehyde in presence of NPs 1 and NPs 3 are given in Figure 6.
While NPs 1 revealed higher conversion (XCAL 60% after 3 h)
than NPs 3 (XCAL 37% after 3 h), the overall CAOL yield was
similar for both catalysts (YCAOL 32% for NPs 1 and 31% for NPs 2
after 3 h of reaction). Nevertheless, no fully hydrogenated
product (HCAOL) was formed when the reaction was catalyzed
by NPs 3 (PtSn/Pt3Sn), while the NPs 1 also yielded HACOL
(YHCAOL 7%). It has to be noted that NPs 1 also contained some
Pt which may have contributed to the observed results.
Conclusions
In summary, we report on a one-pot synthesis of bimetallic Pt/
Sn and phase pure PtSn nanoparticles via the chemical
reduction of the metal precursors, i. e. PtCl2 and SnCl2 or Sn(ac)2
at 60 °C, followed by subsequent annealing at 200 °C. We
investigated the influence of the nature of precursor, the molar
precursor ratio and the type of IL on the crystallization process.
The formation of SnO2 formed as a side product was prevented
by using SnCl2 instead of Sn(ac)2. The influence of the precursor
ratio was studied for different molar ratios of PtCl2/SnCl2 (i. e.
Pt : Sn 3 :1, 3 : 2 and 3 :3.) However, independent of the precursor
ratio, the reduction of PtCl2 and SnCl2 in [OMA][NTf2] never
resulted in a single-phase product. In order to improve phase
purity, the influence of the cation and anion of the IL was
further investigated. It turned out, that reduction of PtCl2 and
SnCl2 (Pt : Sn 3 :1) with [BMIm][BEt3H] in [BMIm][BF4] resulted in
the formation of phase pure and highly ordered, intermetallic
PtSn NPs. In [BMIm][BF4] microwave irradiation could be
employed instead of conventional heating, resulting in highly
crystalline PtSn NPs. The formation of initial, pre-reduction
complexes of PtCl2 and SnCl2 in ILs was revealed by UV-vis
spectroscopy. In contrast to the individual precursor solutions,
UV-vis spectra of PtCl2/SnCl2 mixtures in [OMA][NTf2] showed
absorption peaks with maxima depending on the molar Pt : Sn
precursor ratio. The solution of both precursors in [BMIm][BF4]
indicated the formation of a binary Pt  Sn complex with a
maximum which was clearly shifted with respect to the
respective solutions in [OMA][NTf2]. Indeed, the nature of the
complexes formed by the precursors in ILs seem to strongly
influence the ordering behavior in the final intermetallic NPs.
Eventually, catalytic performance was investigated employing
the selective hydrogenation of cinnamaldehyde as a test
reaction. Phase pure PtSn nanoparticles stabilized in [BMIm]
[BF4] were catalytically inactive, most probably due to blocking
of the NP surface by fluoride species derived from the [BF4]
 
anion. While the reaction catalyzed by the monometallic Pt
reference NPs yielded the saturated aldehyde (HCAL) as the
only reaction product, a significantly higher selectivity to the
α,β-unsaturated cinnamic alcohol was observed for the Pt/Sn-
based NPs in [OMA][NTf2]. Although NPs 1 (Pt/Pt3Sn/SnO2)
revealed higher conversion of cinnamaldehyde (CAL), formation
of fully hydrogenated product (HCAOL) was prevented in case
of NPs 3 (Pt3Sn/PtSn). Overall, our results clearly demonstrate
the influence of the type of the IL on the ordering behavior and
the phase composition of the NPs which in turn influence their
catalytic performance. This opens up various possibilities for the
future use of ILs for the synthesis of intermetallic NPs.
Experimental Section
All steps of NP synthesis and catalytic testing were carried out in
anhydrous solvents under argon atmosphere. For synthesis of the
reducing agents (i. e., methyltrioctylammonium triethyl-hydridobo-
rate [OMA][BEt3H], 1-butyl-3-methylimidazolium tri-ethylhydridobo-
rate [BMIm][BEt3H]) (see Supporting Information).
Figure 6. Selectivities in the hydrogenation of cinnamaldehyde (CAL) for a)
NPs 1 and b) NPs 3 in [OMA][NTf2] (reaction conditions: 80 °C, 10 bar H2, Pt/
Sn nanoparticles@IL/THF, 17 mmol CAL in 30 mL THF).
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NP synthesis. Bimetallic Pt/Sn-based NPs were prepared from PtCl2
and Sn(ac)2 (NPs 1: molar PtCl2/Sn(ac)2 ratio 3 :1) or SnCl2 (NPs 2,
NPs 6, NPs 7, NPs 8a, and NPs 8b: molar PtCl2/SnCl2 ratio 3 :1; NPs
3: molar PtCl2/SnCl2 ratio 3 :2; NPs 4: molar PtCl2/SnCl2 ratio 1 :1). A
total of 0.25 mmol metal salt precursor was dissolved in 4 mL IL
(i. e., ([OMA][NTf2]: NPs 1, NPs 2, NPs 3, and NPs 4), ([BMIm][NTf2]:
NPs 7), ([BMIm][BF4]: NPs 8a and NPs 8b), or ([BMIm][PF6]: NPs 6))
by evacuating for 2–3 h and stirring overnight. [OMA][BEt3H] (3 mL,
1.5 M in THF) was added at 60 °C under stirring. The reaction
mixture was then heated at 200 °C for 2–3 h to yield the dark brown
to black NP dispersion in the IL. After cooling to room temperature,
THF and BEt3 were removed in vacuum. For synthesis of NPs 8b, a
Discover BenchMateTM plus laboratory microwave by CEM was
employed to heat the reaction mixture. For this purpose, the
reaction mixture was loaded in a 25 mL, round-bottom Schlenk
flask equipped with a magnetic stirrer and heated by microwave
irradiation under argon in the open vessel mode (settings: 1) 60 °C,
10 W for 30 min; 2) 10 W, 200 °C for 1 h). An infrared sensor was
employed for temperature monitoring. The reducing agent was
added at 60 °C (30 min) and then further heated to 200 °C (1 h).
NP characterization. Particle size, morphology, and composition
were analyzed by transmission electron microscopy (TEM, HAADF-
STEM) using an aberration (image) corrected FEI Titan 80–300
(operated at 300 kV) equipped with an EDAX s-UTW EDX detector
or a FEI Tecnai F20 (operated at 200 kV). For TEM analysis, the NP-IL
sol was diluted by THF or the nanoparticles were precipitated and
redispersed in dry THF. A small droplet of the sample was deposited
on an amorphous carbon-coated, 400 mesh Cu grid in the anoxic
glove box and transferred to the TEM using a Gatan 648 vacuum
transfer holder. XRD studies were performed on a PANalytical X’Pert
Pro X-ray diffractometer employing a Bragg-Brentano geometry
with Cu Kα radiation and a Ni filter. The reflections were compared
to reference data reported in the Joint Committee of Powder
Diffraction Standards (JCPDS) data base: Pt (JCPD 03-065-2868),
Pt3Sn (JCPD 03-065-0958), and PtSn (JCPD 03-065-0959), SnO2
(JCPD 00-046-1088). The NPs were deposited onto the sample
holder and covered with Kapton foil in the anoxic glove box.
Rietveld analysis (X’Pert Highscore Plus, PANalytical) was used to
determine the phase composition of the NPs. The elemental
composition of the particles was analyzed by OES-ICP (Agilent 725
ICP-OES Spectrometer, Agilent Technologies). UV-vis spectra were
recorded with a Specord S600 UV-vis spectrometer (Analytic Jena)
(see SI). The samples were loaded into the cuvette in the anoxic
glovebox and closed with a Teflon stopper. The respective ILs were
employed as a reference.
Catalytic tests. Hydrogenation reactions were carried out in an
autoclave reactor (200 mL, Premex) which was equipped with a
Teflon liner, a mechanical blowing stirrer (Teflon) and baffles
(stainless steel), a thermocouple and a heating bath. In the anoxic
glove box, 1–3 mL of the NPs@IL samples and the organic substrate
(17 mmol CAL dissolved in 30 mL THF) were loaded in the
autoclave reactor. After reaching the reaction temperature, stirring
was started (1200 rpm). The reaction was started by hydrogen
initiation into the reactor. During catalytic experiments, the hydro-
gen pressure was kept constant at 10 bar, and hydrogen was
continuously supplied to the reactor by a gas burette (500 mL,
Parr). The consumption of hydrogen was recorded automatically
based on the pressure drop in the gas burette. The reaction
products were analyzed by using a gas chromatograph (GC-FID,
Agilent) equipped with a J&W SCIENTIFIC DB5 column (Agilent
Technology, 30 m×0.25 mm, 0.25 μm film thickness). The results
were used to determine conversion and selectivity.




CAOL½ � þ HCAOL½ � þ HCAL½ �
102
YieldCAOL ¼ SCAOL XCAL 10
  2
where [CAOL], [HCAOL] and [HCAL] is the concentration of CAOL,
HCAOL and HCAL, respectively, at time t [mmol/L] and Xt,CAL the
conversion of cinnamaldehyde (CAL) after 3 h (%).
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exhibit enhanced catalytic properties
that differ from their parent materials.
While ionic liquids (ILs) were exploited
for synthesis of bimetallic NPs, rela-
tively little is known about the
ordering behavior and formation of
intermetallic NPs in ILs. Herein, inter-
metallic Pt/Sn NPs with tunable com-
positions are designed exploiting the
beneficial properties of ILs and their
catalytic properties are reported.
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